Ahstract-This paper investigates how to boost the forward link capacity in multibeam satellite systems. Since co-channel interference is the main inhibitor to achieve the full potential of frequency reuse, we propose to mitigate the negative impact of interference through cooperative transmission schemes. When desired information is shared among two beams, rates can be assigned to each user independently. This is crucial to benefit from the use of adaptive coding and modulation. In addition, the receiver can resort to multi-user detection, which is proven to give satisfactory performance when several signals are simultaneously received. Numerical results reveal that the proposed cooperative strategy brings substantial improvements, in terms of spectral efficiency, with respect to multi beam satellite systems, where receivers treat the interference as noise and data content is plainly delivered through the corresponding beam,
I. INTRODUCTION
The growth of capacity in satellite systems is closely related to the efficient use of the spectrum. In the multibeam satellite context, the efficiency depends on how the available spectrum is assigned to different beams. On the one hand, the reuse of frequency allows a significant increase in the system capacity. On the other hand, co-channel interference (CCI) increases as the frequency reuse (FR) scheme becomes more aggressive.
To achieve the potential of FR in the return link of multi beam systems (earth-to-space), the author in [1] relies on multiuser detection (MUD) techniques. In the forward link (space-to-earth), MUD cannot be straightforwardly applied, because the processing has to be performed in a de-centralized fashion. This issue is circumvented by the soft-interference cancellation scheme [2] . This paper proposes a new approach to deal with CCI in the forward link. The strategy consists in transmitting the data for a given user not only in its beam but also in the co-channel one. By introducing this coordination, the interference level can be exploited to further enhance the spectral efficiency of the user. In order to serve in a fair way all the users of the aforementioned two beams, time division multiplexing (TDM) on the two paired signals can be applied. This strategy facilitates the use of MUD at the user-side. Further, rates can be assigned to each user independently. To the best of authors' knowledge, the proposed approach has not been previously investigated.
The content of this paper can be summarized as follows. In Section II we provide the mathematical expressions that characterize the forward link of a multi beam satellite system impaired by CCI. Focusing on the synchronous case, we conduct a theoretical analysis in Section III to determine the maximum achievable rates. Depending on whether the beams cooperate or not, two different scenarios have been devised, which are compared in Section IV. The comparison highlights that the optimal rate assignment is by far more complex when cooperation is not allowed. This a limiting-factor to achieve the highest throughput, which tips the balance towards coordinated transmission schemes. Based on this observation, we tackle in Section V the receiver implementation to recover the messages that come from two beams. Section VI pursues the system performance validation. Via numerical results, we have concluded that the proposed approach can be regarded as feasible solution to boost the spectral efficiency. Finally, Section VII draws the conclusions.
II. SY STEM MODEL
This section is devoted to define the mathematical expres sions that characterize the transmission signal in the forward link of a multibeam satellite system. Hence, in the most general scenario, terminals located within a given spot-beam area will receive signals that come from both the reference beam and the closest co-channel beams. In this situation, the signal received by a given terminal can be expressed as N -l r(t) = L e j( 2 1r !;t+ (} ;) liXi( t -Ti) + w(t).
(1)
i =O
The set {Ii, Bi, Ii, Ti} corresponds to the frequency offset, the phase offset, the channel coefficient and the delay associated to the signal that comes form the ith beam. It is worth mentioning that without loss of generality, the reference beam is identified with the index O. Further, the channel gains are sorted in decreasing order, thus Iii I � 11i + 11. The additive noise is denoted by w(t). 
If strict synchronization is attained, then (3) is recast as 
information. This strategy is referred to as simultaneous non (6) 
III. CAPACITY ANALY SIS
The analysis conducted in this section provides the maxi mum achievable rates, when the received signal at the user side is formulated as in (6) . In the following, we summarize the rate bounds that are obtained by applying different transmit and decoding strategies. In notation terms, the rate of message sdk] is denoted by Ri. Given the random variables Xl, X2, X3, we refer to the mutual information between Xl and X2 given the value of X3, the mutual information between Xl and X2 and the mutual information between the vector (Xl, X2) and X3 as: I (Xl; x2Ix3), I (Xl; X2) and I (Xl, X2; X3), respectively.
A. Interference as noise (IAN)
Treating sdk] as noise, for i > 0, the user is able to decode the message conveyed by So [k], if the rate satisfies: 
The theoretical limits formulated in (8) correspond to the rate region of the multiple access channel (MAC) [3] .
C. Simultaneous non-unique decoding fixing Rl (SND)
Similarly to the SD, the receiver tries to jointly decode 
(10)
Note that IA corresponds to the information rate that can be achieved when all the interference is treated as noise, which coincides with (7). By contrast, IE represents the achievable rate when the structure of Sl [k] is taken into account. The rate Ie can be readily derived from (8) . It is important to remark that joint detection is performed, only if the message conveyed by sl[k] can be reliably decoded as (11) indicates. In summary, the strategy presented here selects the best solution, in terms of rate, between single and joint detection. Therefore, any rate pair (Ro, RI) that belongs to the union of IAN and SD regions, can be achieved by resorting to the SND strategy.
IV. SCENARIOS
The strategies addressed in Section III allows us to identify two different scenarios, which are described hereinafter.
A. Multibeam satellite with single channel per-user (MS-SC)
The scenario depicted in Fig. 1 shows a multibeam satellite system, where Nu users per beam are served in To seconds.
Since users are scheduled according to a TDM scheme and each stream serves one beam, each user is allocated ;.;�)! seconds. Given the bandwidth B, the rate in bps for user I in beam i is (13) In notation terms, let a be the roll-off factor of the pulse and rlZi be the spectral efficiency that depends on the modulation and the coding scheme (ModCod). With the generic 4-color FR pattern, different polarization colors are considered and the available bandwidth per beam is divided by two, thus p = 2 . At the expense of increased CCI, the 2-color FR pattern uses all the bandwidth, which means that p = 1. Regarding the second scenario, let us consider the configu ration shown in Fig. 2 . Notice that the number of slots is twice that of Fig. 1 . This modification is used to take advantage of CCI, so that beam 1 and beam 2 cooperate to target a single user, instead of simultaneously transmitting information to two users. As Fig. 2 illustrates, streams 11 and 12 are directed to users in the spot-beam area 1 during the first N u time slots. Then, the last half of the interval is devoted to send streams 21 and 22 to those users located in the spot-beam area 2.
Therefore, the time allocated for each user is 2 'f:J u seconds. The main difference with respect to the scenario described in Section IV-A, lies in the fact that now the closest co channel beam conveys useful information as well. Since this scenario bears resemblance with the uplink of a multi-user communication system, it is referred to as MS-MAC. Taking into account how information is delivered, it can be verified that the data rate of user I in beam i is expressed as
The terms {rlf:t, ''7{}} account for the spectral efficiencies of ModCods employed in the main and adjacent beams, respectively, when targeting the lth user in beam i.
C. Comparison in AWGN channels
In this section some numerical results are presented to confront MS-SC with MS-MAC. An Additive White Gaussian Noise (AWGN) channel with five interfering beams has been assumed. Then, we can adopt (6) to formulate the system model with N = 6, 10 = 1 and restricting I i to be real valued, for i = 1, ... ,5 . In order to get the proper interference conditions, the 2-color FR pattern has been considered. A realistic antenna pattern based on physical optics has been used to derive the interference statistics. The distribution of 1,-is given in Fig. 3 , where C is the received carrier signal power and h represents the strongest interferer. A high correlation among each value of 1,-and the related �, t etc ... has been assessed. Based on this, the example in Table I was chosen as a possible typical interference pattern. The interference ratios for the baseline scenario, which corresponds to the 4-color FR pattern, have been included as well. The ratios are chosen, so that the signal to interference ratio is 15 dB, which is a typical value. The metrics to be evaluated are given by
where IE is characterized by (11) and (12). Note that the the 4-color and the 2-color FR pattern are identified with jr4 and jr2, respectively. From the analysis conducted in Section III, it can be corroborated that C� 3-IAN ,C�6 -IAN and C� 3-SND correspond to the maximum achievable rates expressed in bits/s/Hz when IAN and SND strategies are respectively applied to the MS-SC context. The factor � in C�6 -1 AN stems from reducing the available bandwidth per beam with the factor 2 . The expression C {�AC-SD character izes the rate bounds in the scenario depicted in Fig. 2 , provided that the selected strategy is SD. In this case, the capacity of the system is penalized with the factor � , because adjacent spot beam areas are not served concurrently. In order to simplify the analysis we assume that { s o [k] , s 1 [k] } are drawn from QPSK,8PSK, 16APSK or 32APSK constellations, so that there are 16 possible combinations. Since the symbols belong to a finite input alphabet, the information rates written in (15) have been computed using the numerical method described in [5] . Furthermore, it has been assumed that the residual interference is Gaussian distributed and independent from the noise. The residual interference is formed by l..: :�l' i Sd k] , if single detection is employed. The residual interference seen by a joint detector is composed of l..: :;l' i Sd k] . Given a variance constraint on the noise, the Gaussian distribution has been proven to minimize the capacity [6] . Therefore, we are considering the worst-case scenario. R1. In this case, it is assumed that the bits that constitute sl [k] have been encoded by a binary code with rate i 9 0' Bearing this in mind, it becomes evident that in the most favorable case, QPSK data modulation is used to generate S1 [k] and, thus, the rate is given by R1 = 2 X 1 9 0' However, the price paid to maximize the capacity of the reference link is to restrict SI [k] to be assigned low-efficient modulation formats. This leads to an extremely unbalanced situation, where some users are given priority to the detriment of others. Ro/ Rl imbalance is aggravated when the rate of the code is significantly lower than i 9 0' For this reason we have focused on the most spectral efficient case. To counteract this situation, we propose to follow the MAC approach where users can be independently scheduled. As Fig. 4 highlights, the capacity results provided by SO and SNO are reasonably close at high noise regime.
For 6dB -s: IJ;� -s: 14dB, the strategy proposed in Section IV-B exhibits the highest capacity. It seems that this contradicts the analysis of Section III, which claims that any rate achieved by SO can be achieved by SNO. However, this is not the case if R1 belongs to a finite set when SNO is applied.
By sharing useful information among the main and the adjacent beams, rates can be assigned to each user indepen dently. By contrast, the rate selection in MS-SC should be based on the channel conditions experienced by the interferer. In this situation, the proper selection of rates may be very demanding in terms of complexity and, thus, it is not possible to guarantee that the interferer always carries the optimum modulation format in MS-SC. So in average its performance may be lower than MS-MACs. For this reason, from here Joint detection and separate decoding corresponding to the ith iteration.
onwards we will concentrate on MS-MAC.
V. RECEIVER IMPLEMENTATION
In order to recover the information that comes from two beams we propose to implement the iterative scheme of Fig.  5 , which performs joint detection and separate decoding. At the transmit side, information bits are encoded, interleaved and symbol mapped according to OVB-S2 standard [7] . Hence, low density parity check (LOPC) codes are employed to generate the code bits.
Borrowing the notation from (6), the tuple Pap, j (i), Ade t , j (i)} corresponds to the a-priori log-likelihood ratio (LLR) and a-posteriori LLR, respectively, associated to the bits that constitute s j [k] . The index i indicates that a given metric is computed in the ith iteration. The soft information delivered by the joint detector can be obtained as [8] details. The complexity can be alleviated by either applying the sum product algorithm [9] , or the single tree-search algorithm [10] . The extrinsic information provided by the joint detector is de-interleaved and fed into the corresponding LOPC decoder. At this point, the procedure can be stopped to recover the information bits from the output of the jth decoder, which is denoted by Adec, j (i). Alternatively, Adec, O (i) and Adec,1 (i)
can be used to refine the detection in the subsequent iteration. It is worth emphasizing that the iterative receiver envisaged in Fig. 5 tries to iteratively cancel the interference using a se rial structure. At a given iteration, first, the message that comes from the main beam is decoded and then, the receiver targets the message conveyed by the adjacent beam. The beauty of this scheme, stems from the fact that the weakest signal exploits the output of the first decoder to enhance the detection. This implies that joint detection has to be executed twice per iteration. However, it has been experimentally observed that in some cases the serial structure with a single iteration is able to achieve the same performance as the parallel counterpart (see [8] ) with two iterations. This behavior cannot be generalized for every scenario, because the proposed receiver needs at least two iterations for some ModCod combinations.
VI. NUMERICAL RESULTS
This section investigates the benefits of using ACM in MS MAC. At the user-side, the iterative detector-decoder repre- Fig. 5 is used to recover the information. To keep the complexity at a reasonable level, the maximum number of iterations has been fixed to 2. To ease the implementation of the SD strategy, the length of the coded block should be kept unchanged regardless of the modulation. To this end, the super-frame format proposed in [11] has been used to generate the signals. The system parameters are the same than those considered in Section IV-C. The Table II gathers information related to the spectral efficiency that can be achieved by transmitting different com bination of ModCods in the main and the closest co-channel beams. Due to the lack of space, only the best combinations have been represented. Furthermore, we have included the SNR threshold, which is defined as the minimum E N S point, o from which the frame error rate (FER) is strictly lower than 10-5 . In Fig. 6 the ModCods evaluated in Table II are confronted with the maximum achievable rate, which is written in (15). The spectral efficiencies of Table II are divided by a factor 2 to take into account that only half of the slots contain useful information. The comparison reveals that the gap with respect to the theoretical rates is between 3 and 4 dB. As a benchmark, the rates obtained by applying the IAN strategy have been simulated. The spectral efficiencies of the ModCods and the corresponding SNR thresholds are obtained from [7] , taking into account the CCI and the fact that the available bandwidth per beam is reduced by the factor 2. Scrutinizing   Fig. 6 , it can be concluded that a FER as low as 10-5 can be achieved using the MAC approach with a substantial increase in spectral efficiency, when compared to the benchmark.
VII. CONCLUSIONS
We have investigated how to cope with CCI in the forward link of multibeam satellite systems. To ease the assignment of rates to each user, we propose a new approach that takes advantage of CCI rather than combating it. Through coordinated transmissions between two beams and ACM, we have demonstrated that the spectral efficiency is substantially increased, when compared to multibeam satellite systems that refrain from using cooperation and treat the interference as noise at the user-side. 
